Cyclin A is regulated primarily through transcription control during the mammalian cell cycle. A dual mechanism of cyclin A transcriptional repression involves, on the one hand, promoterbound inhibitory complexes of E2F transcription factors and RB (retinoblastoma) family proteins, and on the other, chromatindirected histone deacetylase activity that is recruited to the cyclin A promoter early in the cell cycle in association with these RB proteins. This dual regulation maintains transcriptional silence of the cyclin A locus until its transcription is required in S-phase. At that time, RB family members dissociate from E2F proteins and nucleosomal restructuring of the locus takes place, to permit transcriptional activation and resultant S-phase progression to proceed. We have identified a double bromodomain-containing protein Brd2, which exhibits apparent 'scaffold' or transcriptional adapter functions and mediates recruitment of both E2F transcription factors and chromatin-remodelling activity to the cyclin A promoter. We have shown previously that Brd2-containing nuclear, multiprotein complexes contain E2F-1 and -2. In the present study, we show that, in S-phase, they also contain histone H4-directed acetylase activity. Overexpression of Brd2 in fibroblasts accelerates the cell cycle through increased expression of cyclin A and its associated cyclin-dependent kinase activity. Chromatin immunoprecipitation studies show that Brd2 is physically present at the cyclin A promoter and its overexpression promotes increased histone H4 acetylation at the promoter as it becomes transcriptionally active, suggesting a new model for the dual regulation of cyclin A.
INTRODUCTION
The transcriptional control of certain key genes that dictate the mammalian cell cycle has been studied with respect to (i) direct recruitment of sequence-specific DNA-binding transcription activator proteins and (ii) protein complexes that are not DNA sequence-specific and modify nucleosomes or remodel chromatin structure. The cyclin A locus, in particular, which exerts primary control over the progression of DNA synthesis in S-phase, is transcriptionally repressed by HDAC (histone deacetylase) activity until the advent of S-phase, when the gene is derepressed and transcribed [1] [2] [3] . The liberation of E2F-1, -2 and -3 from inhibitory complexes with RB (retinoblastoma) protein and its family members, late in G 1 phase, is timed to make E2F proteins available to participate in the transcriptional activation of cyclin A [2, [4] [5] [6] and other genes that are required in S-phase. These two functions of transcription factor-driven promoter transactivation and chromatin modification, at the proper time and promoter, are required for normal S-phase progression. Disturbances in the RB-E2F regulatory axis [7] [8] [9] and chromatin structure [10] have received attention recently as hallmarks of cell-cycle destabilization and oncogenic transformation in a wide variety of tissues.
This dual regulation is probably co-ordinated by transcriptional co-activator, adapter or 'scaffold' proteins that recruit the necessary biochemical factors [11] . Different types of massive, multicomponent protein complexes establish physical and functional links between sequence-specific DNA-binding proteins that are transcriptional activators, such as E2Fs, and the general transcription machinery, including RNA polymerase II and core promoterbound factors [12] . These include, but are not limited to, the SAGA complex, which includes Gcn5, Ada1, Spt7 and Spt20 subunits and catalyses histone acetylation [13] [14] [15] ; the Swi/Snf complex, an 11-subunit protein machine that increases chromatin accessibility through ATP hydrolysis [16] [17] [18] [19] ; and the Mediator complex [20] [21] [22] . A protein module called the bromodomain [23] [24] [25] [26] has been noticed in connection with this co-activator role. This 110-amino-acid motif binds to acetyl-lysine groups that are present either in transcription factors such as Tat [27] or p53 [28] or in nucleosomal histones [29] [30] [31] . Structures have been solved for CBP [CREB (cAMP-response-elementbinding protein)-binding protein] [28] , TAF II 250 [29] , Gcn5 [30, 32] and p/CAF [33] bromodomains. The bromodomain motif is present in authentic HATs (histone acetyltransferases), such as CBP/p300 [34, 35] , Gcn5 [36] and TAF II 250 [37] , as well as in acidic transcriptional activators such as Spt7 [38] (which along with Gcn5 participates in the SAGA complex [39] ) and helicase superfamily members such as Snf2 and brahma [40] (which participate in the Swi/Snf complex). The bromodomain, which on its own does not encode HAT activity or other catalytic functions, finds its epitome in polybromo, which contains five bromodomains and appears to mediate interactions within co-activator complexes [41] . Some bromodomain-containing proteins, such as Rsc4, use additional domains to initiate contacts between chromatin and multiprotein chromatin-remodelling complexes, such as RSC [42] . These 'scaffolding' functions contribute to the epigenetic regulation of transcription through a mechanism called the histone code [43] , wherein combinations of specific modifications of histones, such as acetylation, mediate the recruitment of diverse chromatin-remodelling machines [44] .
Brahma contacts RB [45] , which illuminates another aspect of chromatin status, namely transcriptional repression. RB and its family members p107 and p130 bind to E2F proteins and, as direct repressors, block E2F transcription activation function [2, [6] [7] [8] [9] 46] . Indirectly, RB, p107 and p130 can also repress promoters through recruitment of HDAC activity [1, 3, 10, [47] [48] [49] [50] , in concert with brahma function. The involvement of bromodomain-containing factors in both modes of chromatin remodelling, establishment of transcriptionally active euchromatin or transcriptionally silent heterochromatin, was first appreciated in yeast, wherein swi/snf mutations were observed to turn on as many genes as were turned off [51, 52] . The transcriptional control of E2F-regulated cellcycle genes is essential for proper progression through each stage of the cell cycle. Whereas transcriptional activation of one set of genes is necessary to enter a stage of the cell cycle, repression of certain other genes associated with the previous stage is necessary to exit from that stage [50] . The transcriptional machines that control these complex and timed processes of activation and repression at specific promoters are the focus of intensive investigation in recent works.
We have been investigating the structure and function of a double bromodomain protein called Brd2. We used a screen for novel, mitogen-responsive nuclear factors to purify an 85 kDa kinase from HeLa cell nuclear extracts, which was identified by microsequence analysis as RING3, and later renamed as Brd2 [53] [54] [55] . In studies to characterize Brd2, we used an antibody against recombinant Brd2 protein to immunoprecipitate the original activity from nuclear extracts and established that the cDNA encoded the appropriate activity in transfected cells. Furthermore, site-specific mutation of the putative active site Lys-574 to alanine destroyed kinase activity, which collectively supported the conclusion that the 85 kDa kinase was Brd2 [55] . Indirect immunofluorescence with the anti-Brd2 antibody confirmed nuclear localization of Brd2 protein in exponentially growing HeLa cells [55] . Brd2 nuclear localization is inducible in serum-starved fibroblasts by mitogenic stimulation and relies on a simple nuclear localization motif [56] . As expected, nuclear localization mutants fail to activate transcription [56] . Brd2 overexpression in NIH/3T3 cells causes foci to form synergistically with oncogenic ras [57] , and lymphoid-restricted constitutive expression of Brd2 in transgenic mice increases cyclin A transcription and causes B cell leukaemia and lymphoma [58] . Taken together, these features suggest that this nuclear-localized and mitogen-inducible activity has a functional link to cell-cycle control and oncogenic transformation.
In particular, we have hypothesized that the Brd2-driven, deregulated transcription of cyclin A in Eµ-BRD2 transgenic B cells may provide a mechanism for the oncogenic properties of constitutively expressed Brd2 [58] . In tissue culture experiments with transfected overexpression and reporter constructs, we found that Brd2 synergizes with oncogenic ras or certain ras effectors to transactivate a promoter-luciferase construct of cyclin A [57] . Overexpressed Brd2 transactivates several other E2F-regulated promoters of cell-cycle genes in synergy with oncogenic ras; furthermore, functional cis-acting E2F-binding sites are required for Brd2-dependent transcriptional function [57] . In addition, coexpression of WT (wild-type) RB protein, which is well known to halt E2F-dependent cell-cycle progression [6] , ablates this Brd2-dependent transactivation [57] . Our observation that E2F-1 and -2 are present in Brd2 multiprotein complexes purified from nuclear extracts suggested that Brd2 might participate as a transcriptional co-activator in the dual regulation of cyclin A transcription described above.
The ras proteins are key mediators of the early cellular response to mitogens. Evidence suggests that ras-mediated mitogenic signalling promotes cell proliferation through the E2F/RB axis that mobilizes cyclin/cdk (cyclin-dependent kinase) activity in the G 1 phase of the cell cycle. Both E2F and cyclin E/cdk2 are important downstream effectors of ras [59] . Ras activity is essential for the normal induction of cyclin A promoter activity [60] and ras inactivation blocks the normal serum-dependent accumulation of E2F, preventing the increase of cyclin A mRNA levels in vascular smooth-muscle cells [60] . Furthermore, E2F binding to the cyclin A promoter is necessary for serum responsiveness of cyclin A expression in NIH/3T3 fibroblasts [57] . These observations are the basis for the interest in ras-activated signal transduction pathways that link environmental mitogenic stimuli to cell-cycle regulators [61] , particularly the less-well-understood coupling of ras and serum mitogenic signalling to cyclin A transcriptional regulation. The role of promoter histone acetylation and chromatin remodelling in such signalling-coupled processes has not been sufficiently studied.
Brd2 is a member of the BET family of proteins [62] , defined by tandem bromodomains that are highly related to each other and an ET domain. Brd2 does not bind naked DNA directly (G. V. Denis, unpublished work), but the Brd2 bromodomains have been shown in vivo to bind acetylated histone H4 selectively [63] . Brd2 is homologous with the Drosophila homoeotic regulator fsh (female sterile homoeotic), which has chromatin modification functions [62, 64] , and is also related to mammalian TAF II 250 [53] , an authentic HAT [37] and scaffold for TFIID [65] that preferentially binds to acetylated histone H3 [63] . In yeast, Bdf1 [66, 67] , a homologue of Brd2, and Taf145 together serve a functional role similar to TAF II 250 in mammals [68] ; Bdf1 has been suggested to play a role in chromatin restructuring [31] and binds histones H3 and H4 in vitro [69] , with a preference for acetylated histones [31] . The BET protein Brd4, also called MCAP, is essential to cell growth control and probably plays a role at the G 2 → M phase transition [70] [71] [72] in association with acetylated chromatin, particularly through binding to acetylated histone H4 [73] . Therefore BET proteins may be implicated in transcriptional control through histone modifications and chromatin remodelling. On the basis of these considerations, we hypothesized that, in addition to E2F proteins, the Brd2 multiprotein complex harbours HAT activity and that Brd2 bromodomain function is required for the observed Brd2-driven deregulation of cyclin A transcription. We also sought a mechanism to explain the ability of both WT Brd2 and a kinasenull point mutant to cause B cell leukaemia and lymphoma when constitutively expressed in the B lymphoid lineage of transgenic mice. The experiments we describe herein attempt to integrate what is already known about mitogenic signal transduction, histone acetylation and chromatin remodelling and control of the cell cycle, using transcriptional regulation of cyclin A as the focal point.
EXPERIMENTAL

Molecular cloning
HA (haemagglutinin)-tagged constructs of WT and KA mutant Brd2 are described in [55, 56] . All constructs used herein contained engineered consensus Kozak sequences and encoded an inframe, N-terminal HA epitope. The BD mutant was constructed by internal deletion of the bromodomains, with a reverse mutagenic primer 5 -GCGCGCGGTACCAAGTTGCAAAGCAGGC-ACCGAAGCCAT-3 (which introduced a KpnI site after Gln-8 c 2005 Biochemical Society in the primary sequence) and a forward mutagenic primer 5 -GCGCGCGGTACCCCAATATCCAAGCCCAAGAGGAAAA-GAGAG-3 (which introduced a KpnI site after Gly-485). KpnI digestion and internal ligation achieved in-frame deletion and preserved the nuclear localization sequence. The E2F mutant was constructed by translation termination of the protein just after the nuclear localization sequence at Lys-510 with the mutagenic primer 5 -CGCGCGGAATTCTTAGCCTCGATGCTTCTCTGCC-TTCCGTTTCTTCTTTTTAGAGACTGGTAAAGGCCCTGGT-TCTAGTGGTTC-3 . The BD/KA double mutant was constructed by PCR mutagenesis of the published KA mutant [56] with the BD deletion primers mentioned above. Recombinant human E2F-1 was cloned into the RSET system (Invitrogen, Carlsbad, CA, U.S.A.) for expression of His 6 -tagged recombinant protein in the BL21(DE3)(pLysE) strain of Escherichia coli (Invitrogen). Protein was purified by affinity chromatography on an Ni + agarose column (Qiagen, Valencia, CA, U.S.A.). Epitope-tagged Brd2 constructs were cloned into the EcoRI and BamHI sites of the CMV (cytomegalovirus)-directed expression plasmid pAC-CMV for high-level expression of cDNA. Restriction mapping, sequencing and Southern blotting were used to verify all constructs. Recombinant viruses were generated in 293T cells with co-transfection of pAC-CMV plasmids [74] and pJM17 [75] , encoding full-length adenovirus 5 genome without E3, and purified from cell lysates [74] . Control adenovirus was generated from a pAC-CMV plasmid without a cDNA insert.
Cell culture and transfection
Low passage NIH/3T3 cells (A.T.C.C., Manassas, VA, U.S.A.) were grown in DMEM (Dulbecco's modified Eagle's medium; Invitrogen) supplemented with 10 % normal calf serum and PSG (penicillin, streptomycin and glutamine), maintained at less than 75 % confluence and transfected in triplicate in 60 mm dishes at 50 % confluence with plasmids by the Lipofectin ® method (Invitrogen), then harvested at 100 % confluence after 24-36 h. Transfections contained 3.0 µg of DNA/dish, comprised of 1.0 µg of Brd2 construct, 0.5 µg of cyclin A promoter luciferase reporter and 0.5 µg of Ki-ras expression vector, and were balanced with empty pcDNA(I) vector (Invitrogen). Normalization of luciferase activity was initially performed with reference to units of expressed β-galactosidase from a co-transfected vector and, after high reproducibility had been established, performed against protein concentration in the cell lysates. Extracts were prepared in reporter lysis buffer and luciferase activity was determined with an assay kit (Promega, Madison, WI, U.S.A.) and a luminometer. 293T cells were maintained in DMEM supplemented with 10 % (v/v) FBS (fetal bovine serum; Invitrogen) and PSG and were maintained at 75 % confluence for propagation of adenoviruses. Rat1 cells (A.T.C.C.) were cultured in DMEM supplemented with 10 % FBS and PSG, and infected with purified adenoviruses after 36 h serum starvation in 10 cm dishes at 90 % confluence.
Northern-blot and immunoblot analyses
RNA was purified from 10 7 adenovirus-infected Rat1 cells, using the guanidine/sodium lauryl sarcosine method, resolved in formaldehyde gels, blotted on to nitrocellulose and probed with a radiolabelled cDNA probe for Brd2 in Express Hyb solution (Clontech BD Biosciences, San Jose, CA, U.S.A.). Cell extracts were prepared as described in [55, 57] for immunoblotting. Briefly, total cell extracts were prepared on ice by detergent lysis of PBS-washed monolayers in ice-cold buffer A [50 mM disodium glycerol 2-phosphate, 20 mM Tris/HCl (pH 7.5), 10 mM KCl, 1 mM MgCl 2 , 1 mM Na 3 VO 4 , 1 mM DTT (dithiothreitol), 0.2 mM EDTA and 0.1 % NP40 (Nonidet P40), supplemented with PMSF, pepstatin, aprotinin and leupeptin; Calbiochem, EMD Biosciences, San Diego, CA, U.S.A.] to produce a cytosolic extract. Nuclei and cell fragments were subsequently extracted for 30 min with ice-cold buffer B [420 mM NaCl, 50 mM disodium glycerol 2-phosphate, 20 mM Tris/HCl (pH 7.5), 10 % (v/v) glycerol, 1 mM Na 3 VO 4 , 1 mM DTT, 0.2 mM EDTA and supplemented with the same protease inhibitors]. Cytosolic and nuclear supernatants were pooled and insoluble materials were removed by additional centrifugation at 4
• C. Proteins were resolved by SDS/PAGE (12 % gel), blotted on to PVDF membranes (Bio-Rad Laboratories, Richmond, CA, U.S.A.), blocked with 5 % (w/v) non-fat dry milk in TBST [100 mM NaCl, 10 mM Tris/HCl (pH 8. 
Immunoprecipitation and in vitro phosphorylation
The amount of recombinant protein in 10 7 infected Rat1 cell extracts was determined by anti-HA immunoblotting and the amount of extract used was normalized to the amount of each derivative. For immunoprecipitation, extracts were diluted with icecold buffer A, precleared with Protein A/G-agarose (Santa Cruz Biotechnology) and incubated overnight at 4
• C with gentle agitation with 20 µg of anti-HA epitope antibody. Immunocomplexes were collected and washed three times with ice-cold RIPA buffer [200 mM NaCl, 50 mM Tris/HCl (pH 7.5), 50 mM disodium glycerol-2-phosphate, 1 mM DTT, 1 mM EDTA, 1 % NP40 and 0.1 % SDS] and once with buffer A by microcentrifugation in the cold. In-gel autophosphorylation in E2F-1-containing polyacrylamide gels was performed by denaturation of proteins in guanidine and renaturation overnight, followed by autophosphorylation [55] . Phosphorylation in solution was performed at 30
• C for 15 min with 50 µg of recombinant E2F-1 substrate in 0.5 ml of buffer A supplemented with 100 mM NaCl, 5 mM MgCl 2 , 0.5% Tween 20, 1 mM DTT, 0.5 mM EDTA, 50 µM disodium ATP and 10 µCi of [γ -
32 P]ATP (3000 Ci/mmol; New England Nuclear, Boston, MA, U.S.A.), PMSF, leupeptin, pepstatin and aprotinin, but without Na 3 VO 4 . The catalytic subunit of PKA (protein kinase A) and all other reagents unless otherwise specified were from Sigma (St. Louis, MO, U.S.A.). Phosphorylated proteins were precipitated by ice-cold 10 % (w/v) trichloroacetic acid and washed with ice-cold acetone, then solubilized with SDS sample buffer for PAGE on 12 % gels. Gels were stained with Coomassie Brilliant Blue, destained in acetic acid and methanol, dried and subjected to autoradiography.
Co-immunoprecipitation was performed with three washes of cyclin A immunocomplexes in ice-cold buffer A (supplemented with 50 mM NaCl, 5 mM disodium ATP, 2 mM MgCl 2 , 1 mM EDTA and 0.1 % Tween 20, but without KCl or NP40) and cyclin A-associated kinase activity was assayed with a cyclin-dependent kinase assay kit (Upstate Biotechnology, Lake Placid, NY, U.S.A.) and [γ -
32 P]ATP (New England Nuclear).
Rat1 cell monolayers at 90 % confluence in 10 cm dishes were starved for 36 h in DMEM containing 0.2 % FBS and PSG, then exposed for 6 h to fresh media containing 0.5 % FBS, PSG, 0.4 µg/ml methyl-[5-(2-thienylcarbonyl)-1H-benzimidazol-2-yl]-carbamate (nocodazole; Calbiochem, EMD Biosciences) and 10 11 plaque-forming units of recombinant adenovirus, which encoded HA-epitope-tagged Brd2 or empty vector control. Cells were then stimulated with FBS to a final concentration of 3.5 % to initiate cell-cycle entry, which marked the zero time point. Cells were harvested by trypsinization at different times after serum stimulation, washed with serum-free DMEM and fixed overnight in 70 
ChIP (chromatin immunoprecipitation)
Rat1 cells were infected as described above, stimulated with 3.5 % FBS; then, 8 or 18 h later (for G 1 phase or mid-S-phase experiments respectively), cells were incubated with 1 % formaldehyde for 10 min to cross-link recombinant proteins. Then, after the reaction was quenched with 125 mM glycine (final concentration), cells were scraped into ice-cold PBS supplemented with protease inhibitors, microcentrifuged at 4
• C and resuspended in ice-cold ChIP lysis buffer (1 % SDS, 10 mM EDTA and 50 mM Tris/HCl, pH 8.0), supplemented with protease inhibitors. After 10 min on ice, the mixture was diluted 2.5-fold with ice-cold ChIP dilution buffer [0.01 % SDS, 1.1 % Triton X-100, 1.2 mM EDTA, 16.7 mM Tris/HCl (pH 8.0) and 16.7 mM NaCl], supplemented with protease inhibitors. Chromatin was then sheared with a 550 Sonic Dismembrator probe sonicator (Fisher Scientific, Morris Plains, NJ, U.S.A.) and samples were maintained on ice. In preliminary experiments, we determined that three pulses of 10 s each at 18 % power gave optimal shearing of DNA (a median size of 500 bp fragments). The sonicated material was microcentrifuged at 16 000 g for 10 min at 4
• C to remove debris and 5 % (v/v) of the supernatant was saved as 'input'chromatin. The chromatin solution was precleared with BSA and salmon sperm DNA/Protein A-agarose (Upstate Biotechnology) and then chromatin was immunoprecipitated by overnight incubation at 4
• C with specific antibodies, either mouse monoclonal antibody against the HA epitope (Covance) or high-affinity, biotinylated rat monoclonal antibody (3F10) against acetylated histone H4 (Roche). Immunocomplexes were collected with Protein A-agarose or streptavidinagarose (Upstate Biotechnology) respectively in the presence of salmon sperm DNA (Promega) and BSA, washed once with each of buffer 1 (0.1 % SDS, 1 % Triton X-100, 2 mM EDTA, 150 mM NaCl and 20 mM Tris/HCl, pH 8.0), buffer 2 (same as buffer 1, but in 500 mM NaCl), buffer 3 (0.25 M LiCl, 1 % NP40, 1 % sodium deoxycholate, 1 mM EDTA and 10 mM Tris/HCl, pH 8.0) and then twice with 10 mM Tris/HCl, pH 8.0 and 1 mM EDTA. Nonspecific control immunoprecipitations were performed with rabbit IgG-agarose under the same conditions. Chromatin immunoprecipitated products were eluted with 0.1 M NaHCO 3 and 1 % SDS, cross-links were reversed at 65
• C for 6 h, RNA was digested with RNase A, protein was digested with proteinase K and DNA was extracted with phenol (American Bioanalytical) and chloroform (1:1, v/v). The purified DNA was precipitated from ethanol with NaCl and glycogen (Roche), dissolved in water and quantified with PicoGreen (Molecular Probes, Eugene, OR, U.S.A.). Input and immunoprecipitated DNAs were quantified with SYBR Green reagents in a Mx3000P real-time PCR system (Stratagene, La Jolla, CA, U.S.A.) with primers to the Rattus norvegicus gene cyclin A2, 5 -TGAAGGCCGGGAAGGTGC-3 and 5 -CTCATCGTTTATAGGAAGGTCC-3 , to give an 89-bp amplicon that begins at nt 116 of the open reading frame, which we determined in preliminary experiments to give optimal amplification of the template.
Histone acetylation
Rabbit anti-Brd2 co-immunocomplexes were assayed for the associated histone acetylases [76] by incubation at 30
• C for 30 min in a 30 µl reaction, either with 10 µg of mixed calf thymus histones or with 10 µg of each core histone (Roche) and 0.25 µCi of [
14 C]acetyl-CoA (59 mCi/mmol; Amersham Biosciences, Piscataway, NJ, U.S.A.) in 50 mM Tris/HCl (pH 8.0), 150 mM NaCl, 10 mM sodium butyrate, 0.5 mM DTT, 0.2 mM PMSF and 0.1 mm EDTA. The reaction was quenched by centrifugation at 4
• C. Histones in the supernatant were precipitated with trichloroacetic acid and recovered on GF/C filters (Whatman, Clifton, NJ, U.S.A.). Incorporation of radioactivity was determined with a scintillation counter or by autoradiography. Anti-HA immunocomplexes were collected from lysates of adenovirusinfected cells and washed under co-immunoprecipitation conditions (three washes with ice-cold buffer A, supplemented with 50 mM NaCl, 5 mM disodium ATP, 2 mM MgCl 2 , 1 mM EDTA and 0.1 % Tween 20) and used to acetylate histones as above. The histones were recovered with trichloroacetic acid precipitation, dissolved in urea and resolved in 20 % polyacrylamide gel that had been polymerized in the presence of 10 mM Triton X-100. Histone separation was accomplished with electrophoresis in a urea/acetic acid system and visualization with Coomassie Blue stain or En 3 Hance (New England Nuclear) and autoradiography.
RESULTS
Ectopic expression of Brd2 transactivates the cyclin A promoter
Evidence that Brd2 synergizes with ras and certain ras effectors to transactivate the cyclin A promoter, among other E2F-dependent promoters of cell-cycle-regulatory genes [57] , motivated the experiments described herein to measure Brd2-dependent cell-cycle progression. Published results indicate that Brd2 possesses functional domains responsible for association with chromatin (its double bromodomains), an ET domain, a nuclear localization signal, a kinase domain and a C-terminal domain, which accounts for Brd2 association with nuclear multiprotein complexes that contain E2F proteins. We constructed mutants to explore the domains that account for Brd2-dependent transactivation function in the cyclin A model system. We generated one mutant that harbours a deletion of the N-terminal bromodomains ( BD) and another that harbours a deletion of the C-terminal E2F association domain and kinase domain ( E2F), as schematically shown in Figure 1(A) . All constructs retained the nuclear localization motif that we defined [56] and were tagged at the N-terminus with the HA epitope, which does not interfere with transcriptional activation or nuclear localization [56] . These mutants are shown in comparison with the full-length WT protein and a full-length mutated protein that contains a point mutation of the putative catalytic Lys-574 to alanine (KA), which we previously showed eliminates intrinsic kinase activity [55] .
We chose Rat1 cells for cell-cycle studies because they are relatively normal fibroblasts and are easily transfected or infected with adenovirus 5 [74] . We used adenovirus 5 to deliver CMV promoter-driven Brd2 or its derivatives. Quiescent, serum-starved Rat1 cells were infected with Brd2-expressing adenovirus or control adenovirus and stimulated with serum to initiate cellcycle entry. Vector-encoded mRNA expression began almost immediately after infection and was significantly stimulated after the addition of serum. Under these conditions, > 99 % of the cells in the population became infected with adenovirus and expressed an adenovirus-encoded green fluorescent protein (results not shown), so that statistically each group of infected cells could be treated as a population for the purposes of cell-cycle analysis. Northern-blot analysis of Brd2 mRNA expression is shown in Figure 1(B) . Expression is shown after 8 h of serum stimulation for endogenous (endo) and exogenous, adenovirus-encoded (exo) Brd2 mRNAs of the correct size: 2.26 kb for WT and KA, 0.89 kb for BD and 1.55 kb for E2F. The cells were infected either with empty vector adenovirus (con) or with adenovirus that encoded full-length WT Brd2 (WT), the full-length K574A (Lys 574 → Ala) derivative (KA) [55] [56] [57] or the two smaller BD and E2F derivatives. The adenovirus-encoded mRNAs exhibit greater apparent mobility in formaldehyde-containing denaturing gels compared with endogenous mRNAs. Protein expression was also confirmed for each of the expression vectors with anti-HA epitope immunoblotting of infected extracts, as shown in Figure 1(C) .
Next, we tested whether these mutations had functional consequences for Brd2-dependent transcriptional activation. We have demonstrated previously in NIH/3T3 cells that full-length recombinant Brd2 (WT) transactivates luciferase promoter constructs of cyclin A in concert with oncogenic ras or certain ras effectors [57] . In the present study, we extended the analysis with the same functional assay, transfecting each CMV promoterdriven Brd2 plasmid construct into NIH/3T3 cells and assaying its ability to transactivate a cyclin A promoter luciferase reporter construct. Consistent with our previous report and as shown in Figure 2 (A), ras co-expression synergized with WT Brd2 to stimulate transcriptional activation of the cyclin A promoter (open bars). KA Brd2 produced strong activation with co-expressed ras, equal to WT Brd2. Without ras, WT Brd2 did not activate transcription (Figure 2A, closed bars) , also in agreement with previous results [57] , and the same was true for KA Brd2. Interestingly, mutation of the active-site lysine residue of the WT kinase to alanine in the KA derivative did not alter its ability to synergize with ras and transactivate the cyclin A luciferase reporter, suggesting that intrinsic kinase activity is not important for Brd2 transactivation function of cyclin A under these conditions. None of the other domain mutants transactivated the cyclin A promoter as well as did WT or KA Brd2. These results were consistent with our published observation that transgenic mice that constitutively express in the B cell lineage either WT Brd2 (Tg) or KA Brd2 (Tg mut ) both develop an apparently identical B cell lymphoma and leukaemia at the same rate [58] , suggesting that intrinsic Brd2 kinase activity is not essential for lymphomagenesis, but rather that some other property of Brd2 is more important for oncogenic transformation [58] .
Brd2-dependent cell-cycle acceleration
We have shown previously that, in addition to co-expression of activated ras, serum also provides a mitogenic signal that works through Brd2 to stimulate E2F-dependent transcription [57] , suggesting that Brd2 might participate in multiprotein complexes as a general effector of mitogenic signals, as has been suggested for Mediator transcription [21, 22] , coupling these signals to the cell-cycle machinery. On the basis of the results of Figure 2 (A) and our previously published observations, we hypothesized that transcriptional up-regulation of the endogenous cyclin A gene might occur in a Brd2-dependent manner, which might contribute to Brd2-dependent cell-cycle progression. We therefore tested the ability of Brd2 constructs to accelerate the Rat1 cell cycle after serum starvation and cell-cycle re-entry upon serum stimulation of the quiescent cells. As shown in Figure 2 (B), immunoblotting of endogenous cyclin A protein revealed that the timing of its synthesis was accelerated in response to overexpressed WT and Cell extracts recovered at progressive times after the addition of serum (hours) were assayed by immunoblot for cyclin A, cyclin D1 or cyclin E protein expression. Cyclophilin B was assayed as a loading control. Only one of the loading controls is shown for each of the cyclin immunoblots; loading was confirmed to be equal in all experiments (results not shown).
KA Brd2, in agreement with the transcriptional activation of the cyclin A luciferase reporter data in Figure 2 (A). BD and E2F Brd2 gave the same result as the negative control, suggesting that these derivatives had no transcriptional activity on the endogenous gene. Early in the cell cycle, cyclin A protein accumulation was detected in cells infected with WT and KA Brd2-expressing adenoviruses, but not with BD Brd2, E2F Brd2 or control adenoviruses. However, cyclin A accumulation was detected later in all cases, consistent with normal S-phase progression; by 22 h after serum stimulation, the levels were similar across all the cases. Cyclin A expression normally increases throughout the S-phase and reaches a peak during late S/G 2 ; cyclin A is known to play an important and essential role in both the G 1 → S transition and S-phase progression. We did not continue to measure the accumulation of cyclin A protein beyond 22 h since the cell-cycle experiments were conducted in the presence of the mitotic inhibitor nocodazole, which trapped the cells in M-phase approximately 24 h after serum stimulation. We included this trap to check whether some of the cells completed the cell cycle and re-entered the G 1 phase, which would have affected the cell counts for G 1 and G 2 /M compartments. Overall, these results suggested that Brd2 might function at least in part on a pathway that targets cyclin A as a transcriptional endpoint and that S-phase events might be affected by Brd2 expression.
Intrinsic kinase activity
We demonstrated previously that mutation of the putative catalytic Lys-574 to alanine (K574A) eliminates intrinsic kinase activity in bacterially expressed, recombinant protein that had been modified with HeLa nuclear extract and ATP [55] . To determine whether the bromodomains could regulate kinase activity, we used the ingel kinase assay to test each of the present derivatives for in vitro kinase activity after anti-HA immunoprecipitation from transfected 293T cells. Surprisingly, we observed that the BD mutant had a high level of autophosphorylation activity after immunoprecipitation from transfected 293T cells, compared with the same amount of WT protein, as shown in Figure 3(A) . Deletion of the C-terminal E2F-association and kinase domain ( E2F) produced a mutant with no detectable kinase activity, as expected, similar to the KA mutant. We hypothesized that deletion of the bromodomains in the BD mutant had removed an autoinhibitory domain from the kinase and produced a constitutively active mutant. To confirm that the putative catalytic Lys-574 was responsible for this activity, we generated a bromodomain deletion/K574A double mutant ( BD/KA) and tested its ability to autophosphorylate under the same conditions. As predicted, this mutant had no detectable autophosphorylation activity, as shown in Figure 3(A) .
Our previous observation that Brd2 exists in a multiprotein complex that contains E2F proteins [57] suggested that these proteins might be substrates for Brd2 kinase activity. Accordingly, we expressed His 6 -tagged recombinant human E2F-1 protein in bacteria and purified it for use as a kinase substrate in an in vitro phosphorylation assay. We used an anti-HA antibody to immunoprecipitate recombinant WT, KA, BD and E2F HA-Brd2 proteins from transfected 293T cells to determine if they could phosphorylate E2F-1. We observed that WT protein exhibited very weak phosphorylation of E2F-1 and BD exhibited significant E2F-1 phosphorylation (Figure 3B) , consistent with the strong autophosphorylation activity of immunoprecipitated BD protein ( Figure 3A) . As a positive control, we showed that the catalytic subunit of PKA robustly phosphorylated E2F-1 protein in vitro ( Figure 3B ). We confirmed that the K574A mutation also eliminated the E2F-1 phosphorylation activity in the BD/KA mutant isolated from transfected 293T cells. Whereas BD Brd2 catalysed the incorporation of 49.4 nmol of PO 4 3− · min −1 · mg
(+ − 0.5; n = 3) into E2F-1, BD/KA Brd2 incorporated only 0.14 nmol of PO 4 3− · min −1 · mg −1 (+ − 0.1; n = 3). Background phosphorylation in the absence of Brd2 was < 0.05 nmol of PO 4 3− · min −1 . These observations confirm that Brd2, similar to TAF II 250 [29] , possesses intrinsic kinase activity.
BD and E2F functional mutants
The observed Brd2-dependent transcriptional activation of the cyclin A locus suggested that expression of these derivatives should create forward pressure on the cell cycle. We therefore performed an analysis of cell-cycle kinetics with each of the derivatives. Rat1 cells infected with adenovirus that overexpresses WT or KA Brd2 showed greater cell-cycle progression compared with cells infected with the same MOI (multiplicity of infection) of empty-vector control adenovirus as shown in Figure 4 (A). As a positive control, cells infected with the same MOI of adenovirus that overexpresses cyclin A showed cell-cycle progression beyond that observed with Brd2 alone. Consistent with transcriptional activation data, expression of the BD and E2F derivatives did not accelerate the cell cycle beyond the control. Therefore deletion of the bromodomains ablates the cell-cycle acceleration phenotype even as it converts the protein into a constitutively active kinase. To obtain more detailed information about the cell-cycle kinetics under the influence of each of the adenovirus constructs, we performed an analysis of BrdU incorporation during cell-cycle progression. Figure 4(B) shows that, at 18 h after serum stimulation to initiate cell-cycle entry, cells infected with adenoviruses that encode WT and KA constructs exhibited greater DNA synthesis compared with cells infected with control, BD or E2F adenovirus constructs. As a negative control, starved cells exhibited only marginal BrdU labelling and, as a positive control, cells infected with the cyclin A-expressing adenovirus showed significant BrdU incorporation. The complete cell-cycle kinetics are summarized for a representative experiment in Table 1 .
The activity of cyclin/cdk complexes drives cell-cycle progression and attenuation of cdk2 activity arrests cells [77] . We therefore expected to find a functional link between Brd2-dependent increase in cyclin A protein levels and increased cell-cycle progression, in the form of increased cyclin A-associated cdk2 activity [78, 79] . Extracts of cells treated as above were immunoprecipitated with cyclin A antibody under low-stringency (coimmunoprecipitation) conditions and cyclin A-associated histone H1 kinase activity was determined with a cdk assay kit. As shown in Figure 4 (C), greater cyclin A/cdk activity was mobilized in WT and KA Brd2-infected cells compared with cells infected with BD, E2F Brd2 or control adenoviruses, consistent with expectation. Since increased cyclin A-associated cdk activity drives E2F-regulated S-phase progression [79] , we concluded that Brd2 overexpression under these conditions had stimulated the machinery that controls the cell cycle.
Promoter association and HAT activity
We next wished to determine whether deletion of any of the functional domains of Brd2 had an impact on the ability of the protein to associate physically with the cyclin A promoter. We have published evidence that the C-terminal portion of Brd2 mediates association of the protein with a multiprotein complex that contains E2F proteins [57] ; this complex could also provide an anchor point to the promoter DNA. A similar structure-function relationship has been reported for the double bromodomain protein Rsc4 [42] . The N-terminal bromodomains of Brd2 also suggest a point of contact with promoter chromatin and have been reported to associate selectively with acetylated histone H4 [63] . To test whether these points of contact are redundant and whether domain-deleted mutants of Brd2 can still function, we infected Rat1 cells again with Brd2 and its derivatives as above and performed ChIP with a biotinylated anti-HA monoclonal antibody at two time points after serum stimulation, 8 h (early in G 1 phase) and 18 h (in mid-S-phase). We used real-time PCR to amplify cyclin A promoter DNA with primers that we had validated for the rat cyclin A promoter. As shown in Figure 5 , we observed antibody-specific enrichment of the recombinant WT, KA and BD proteins in association with cyclin A promoter chromatin at 8 h (closed bars) and at 18 h (open bars), but not the E2F protein, at either time. It was interesting to note that the BD mutant protein was present at the cyclin A promoter, despite its apparent lack of transcriptional activity under the above conditions. These results, and the established link between E2F and chromatin remodelling in the control of cyclin A transcription [1] [2] [3] [4] [5] , prompted us to test whether, in addition to E2F proteins [57] , the Brd2 multiprotein complex also contains histone modification activities. After its nuclear translocation, Brd2 associates with an approx. 330 kDa multiprotein complex [56, 57] . We hypothesized that this complex includes histone modification activities involved in the regulation of transcription. To determine whether HAT activity associates with Brd2, nuclear extracts were coimmunoprecipitated with rabbit polyclonal antibody against Brd2 and the incorporation of [
14 C]acetyl-CoA into mixed histones was assayed. Brd2 immune co-immunoprecipitation complexes contained HAT activity, whereas preimmune co-immunoprecipitation complexes did not, as shown in Figure 6 (A). Recombinant yeast Gcn5 served as a positive control for histone acetylation [36] . Recombinant Brd2 alone does not have HAT activity (results not shown), suggesting that the immunocomplex contains a Brd2-associated HAT. We then co-immunoprecipitated HAepitope-tagged WT Brd2 and the mutants and assayed the immunocomplexes to determine their ability to acetylate a mixture of purified histones in vitro. WT and KA Brd2 associated with a complex that contains a histone H4-specific HAT, with weak activity against histone H2A; no detectable HAT activity was associated with BD Brd2, E2F Brd2 or the empty vector adenovirus control ( Figure 6B) .
Finally, we hypothesized from the results of Figures 5 and 6 (B) that the cyclin A promoter probably undergoes a Brd2-dependent increase in histone acetylation that could account in part for its transcriptional activation (Figure 2 ). We isolated chromatin at 8 and 18 h after serum stimulation as described for Figure 5 , and instead of performing immunoprecipitation with anti-HA antibody, we used anti-pan-acetyl histone H4 antibody and amplified cyclin A promoter DNA using real-time PCR. With infected control cells (HA-Con), we first confirmed an increase in cyclin A promoter acetylation (represented as fold change versus input chromatin in Figure 6C ) of histone H4 at 18 h, when many of the cells have moved into S-phase ( Figure 6C , open bars) and the promoter is transcriptionally active. Acetylation at 18 h was compared with acetylation at 8 h, when most of the cells are in G 1 phase (closed bars) and the promoter is transcriptionally silent. Then we compared each of the Brd2 derivatives with these detected with an intercalating agent (7-aminoactinomycin D) . Percentages of gated events are shown. (Table 1 summarizes kinetics for 8, 13 and 18 h time points.) (C) Cyclin A-associated cdk activity. Cell extracts were assayed for cyclin A-associated cyclin-dependent kinase activity as determined by the histone H1 kinase activity in cyclin A co-immunoprecipitated immunocomplexes at indicated times after serum stimulation. Standard deviations for n = 3 are shown. ᭹, control; ᭞, WT; , KA; ᭛, BD; ×, E2F; , preimmune serum immunoprecipitation.
controls. As expected, expression of both WT and KA constructs increased the acetylation of histone H4 at 18 h, but expression of neither BD nor E2F proteins increased the acetylation of histone H4 above control levels. Curiously, G 1 phase acetylation of histone H4 was increased above basal levels with the expression of WT and KA constructs, suggesting that early nucleosome modification might prime the locus for later transcription.
DISCUSSION
We have been developing a model wherein Brd2 provides a 'scaffolding' or bridging function [11] for cyclin A transactivation during S-phase, anchoring or recruiting HAT activity to the promoter through stable, multiprotein nuclear complexes. These Brd2 complexes contain E2F transcription factors, which are known to transactivate the cyclin A promoter. E2F-dependent cyclin A transactivation in S-phase is essential for cell-cycle progression in response to mitogenic signalling. Yet, histone acetylation of the cyclin A promoter, probably mediated in part through double bromodomain proteins, such as the basal transcription factor TAF II 250 [29, 65] and its intrinsic [37] or recruited HAT activity, is also essential for cyclin A transcription [1, 3] and for cellcycle progression [10, 80] . To explore this dual mechanism of regulation of the cyclin A locus, we undertook a domain analysis of Brd2. The analysis was grounded in the observation that constitutive expression of Brd2 up-regulates cyclin A transcription and destabilizes the cell cycle, leading to malignancy in a mouse model [58] . We hypothesized that both the N-terminal bromodomains of Brd2, motifs that are known to associate with acetyllysine substituents of nucleosomal histones, and its C-terminal domain, which mediates interaction with multiprotein complexes that contain E2F proteins, are required for transcription activation function. Deletion of the N-terminal bromodomains of Brd2 in the BD mutant abolishes its transcriptional activation of the cyclin A promoter, yet ChIP ( Figure 5 ) shows the derivative is nevertheless still present at the promoter. This result suggests that, surprisingly, Brd2 can bind to the cyclin A promoter through its associated E2F proteins, rather than through bromodomainmediated binding to acetylated nucleosomes. The hypothesis was confirmed with reciprocal deletion of the E2F complex-binding domain; the E2F mutant is neither present at the promoter nor does it have transactivation function, leading to the conclusion that both domains are required for function. Taken together with our previous results, the present results suggest that Brd2 plays a role in both E2F-regulated transcription and histone modification of the cyclin A promoter.
A question has emerged as to whether the reported kinase activity of Brd2 is intrinsic [55] , as in the case of the similar bromodomain-containing factor TAF II 250 [29, 81] , or associated [82] . One group reported inability to detect recombinant Brd2-dependent phosphorylation of substrates in transfected cell extracts [83] . Another group did detect Brd2-dependent phosphorylation, but was unable to eliminate it as expected using site-directed mutagenesis to inactivate the kinase active site [82] . This question is resolved herein with the construction of the BD mutant of Brd2, which expresses constitutively active intrinsic kinase function and loses activity on mutation of the putative catalytic lysine residue in the double mutant. E2F-1, which is present in Brd2 multiprotein complexes [57] , is an in vitro substrate for Brd2 kinase activity. However, the functional significance of the ability of BD Brd2 to phosphorylate E2F-1 is not yet clear, since transcriptional activation of the locus does not depend on this ability, but rather on Brd2 recruitment of HAT activity and Brd2 participation in E2F-containing complexes.
The observation that a histone H4-specific HAT protein is present in the Brd2 complex, rather than a mixture of HATs with overlapping specificities, rules out recruitment of Gcn5, for example, but would be consistent with recruitment of a MYST family member [84] , named for MOZ, Ybf2/Sas3 and Tip60, to participate in cyclin A transcriptional control. These results also suggest a mechanistic explanation for the apparently indistinguishable B cell lymphoma and leukaemia that arises in Tg and Tg mut mice and the similar in vitro proliferative phenotype of transgenic B cells [58] ; both WT and KA derivatives explored in the present study behaved similarly with respect to cell-cycle progression, mobilization of cyclin A and association with the histone H4-specific HAT. The kinase activity of an oncogene is usually associated with its neoplastic transforming ability; however, the result in mice is not surprising upon consideration of the Brd2 multiprotein complex, which is recruited through the C-terminal tail of Brd2 [57] . The catalytic Lys-574 is not located in the C-terminal domain that is required for the association with the E2F-containing complex, and its point mutation to an alanine residue is insufficient to abolish association with the complex. It follows that the BD or E2F Brd2 mutants probably do not exhibit these phenotypes and are probably not leukaemogenic if constitutively expressed in the B cells of transgenic mice.
The observation that Brd2 does not possess intrinsic HAT activity is consistent with the divergence between the BET class of bromodomain-containing proteins, to which Brd2 belongs, and the Gcn5 superfamily members that do have HAT activity [85] . Identification of the Brd2-associated HAT and the timing of its association with Brd2 will be informative. Given that transcriptional repression of cyclin A is maintained by HDACassociated RB-E2F complexes through the G 1 phase [1] [2] [3] [47] [48] [49] [50] , but alleviated as RB dissociates from the complex, we speculate that HDAC activity is exchanged for a putative Brd2-recruited HAT. We are at present characterizing the other components of the complex using an MS approach and have found in 293T cells that the Brd2 multiprotein complex contains Swi/Snf family members (G. V. Denis and A. Sinha, unpublished work). Therefore it seems probable that recruited chromatin-remodelling machines also contribute to Brd2-dependent transcriptional activation. The presence of Brd2 at the cyclin A promoter during both G 1 phase, when the locus is transcriptionally repressed, and S-phase, when it is activated, supports a switching model wherein Brd2 'scaffolding' of HDAC activity in G 1 is switched to HAT activity in S-phase. Swi/Snf complexes can perform different functions, depending on the promoter context, and sometimes work in collaboration with HAT/HDAC exchange [86] [87] [88] [89] [90] . As the histone code hypothesis suggests, recruitment of a HAT to acetylate histone H4 might promote the subsequent recruitment of bromodomain-containing HATs such as Gcn5 to modify further the cyclin A promoter nucleosomes and recruit Swi/Snf [15, 39] .
In preliminary experiments, we observed that doubling the number of delivered adenovirus particles that express WT Brd2 could cause cell-cycle retardation, rather than acceleration, relative to adenovirus control (results not shown). In addition, serum stimulation at concentrations above 3.5 % (v/v) tended to decrease differences between Brd2 overexpression in experiment and control, with earlier entry into S-phase in both cases, suggesting that the 'strength' of the mitogenic signalling component of serum stimulation must be proportional to the signal amplification that Brd2 overexpression provides, in order for cell-cycle acceleration to be a useful endpoint. This principle has been invoked to explain aspects of scaffold-facilitated MAP kinase signalling [91] that involve the MAP kinase scaffold protein Ste5 [92] .
The role of BET family bromodomain proteins in other phases of the cell cycle is not yet fully understood. Gene disruption studies in mice have established that Brd4 [70, 71] associates with acetylated chromatin in mitotic chromosomes [73] . Intriguingly, association of Brd2 with the LANA (latent nuclear antigen) protein of Kaposi's sarcoma herpesvirus/human herpesvirus-8 [82] , which tethers the viral genome to mitotic chromosomes [93] , may have transcriptional activation or chromatin-remodelling functions [94] and, intriguingly, transactivates cyclin A [95] . The function of Brd2 during these late stages of the cell cycle requires additional investigation. Related, and important, unresolved questions are whether BET proteins, including Brd2, are essential participants in basic transcription and whether they perform specialized functions in individual tissues or whether they are functionally redundant with other bromodomain-containing transcription factors or co-activators, such as TAF II 250 or CBP. The close structural similarity between Brd2 and TAF II 250 implies that Brd2 may substitute for TAF II 250 function in certain contexts. Although TAF II 250 is essential for viability, it is not known if Brd2 is also essential. The cell-cycle phenotype of a brd2 (−/−) null mouse, which we plan to generate, will address this question and may illustrate tissue-specific and cell-cycle-specific components of the Brd2 multiprotein complex.
Our results explore the mediating role that Brd2 plays in the integration of mitogenic signal transduction with cell-cycle progression, through a dual mechanism of direct transcription activation in association with E2F proteins and recruitment of chromatin-remodelling machines, to participate in the transactivation of key genes responsible for mitogenesis, such as cyclin A.
